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ABS TRACT 
The LPS of R. leguminosa r um 128 C53 smr rifr (a 
streptomycin and rif ampicin resistant strain of wild type 
128 C53) and its mutant ANU54 (nod-, fix-) were isolated from 
the bacterial pellet by hot phenol/water extraction 
followed by gel filtration chromatography. The 0-antigen 
was isolated by mild-acid hydrolysis of the LPS and 
purified by gel filtration chromatography using a Sephadex 
G-50 or G-25. The following results were the same for both 
the parent and mutant. The composition and linkage of the 
0-antigen were determined by gas chromatography (GC) , GC-
mass spectrometry, 1H and 13c nuclear magnetic resonance 
spectroscopy (NMR) techniques. The data indicate that the 
0-antigen of the LPS from parent R. leguminosar um 128 C53 and 
its mutant ANU54 are identical. The 0-antigen con tains a 
tetrasaccharide repeating unit. The backbone consists of 
one 1, 3-linked-rhamnose and two 1, 3-linked-fucose residues. 
A terminal mannose is linked to the 2-position of one of 
the two fucose residues. The 1H-NMR analysis indicates that 
all the glycosyl residues are alpha linked. The exact 
position of the mannose residue is under further 
investigation. 
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INTRODUCTION 
Chemical analyses show that the four most abundant 
elements present in plant tissues are usually carbon, 
hydrogen, oxygen and nitrogen. O f  these, the first three 
are available to the plant in ample supply from atmospheric 
and soil sources, primarily as carbon dioxide, water and 
oxygen. O n  the other hand, although nitrogen comprises 8 0% 
of the atmosphere, it cannot be directly used by the vast 
majority of plants. As a result, nitrogen is typically 
supplied to plants in the form of various commercial 
fertiliz ers such as anhydrous ammonia , urea, and other 
nitrogenous compounds. 
However, certain microorganisms are able to convert 
atmospheric nitrogen into ammonia. Rhizobium is one of the 
organisms that carries out this conversion through a 
symbiotic relationship with legume plants. Owing to 
nitrogen's importance as a macronutrient in plant growth and 
development and the increasing cost of commercial 
fertiliz ers, the biological process of nitrogen fixation has 
currently become an attractive topic for research. 
Rhizobium is very specific in its ability to 
effectively infect the legume host plant. 
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F or example, 
Rhizobium leguminosarum only nodula tes pea s, Rhizobium 
trifolii only nodulates clover and Rhizobium japonicum 
nodula tes soybeans. According to their growth rate in 
culture, rhiz obia are classified into the fast-growing ( e. g. 
R. leguminosarum, R. trifolii) and the slow-growing ( e. g. R. 
japonicum) organisms. 
The process of nodulation of the host legume by a 
species of Rhizobium consists of several steps ( 2, 43 ) . 
Attachment of Rhizobium cells to legume root hairs is the 
first step in the required sequence of interactions leading 
to infection a nd nodula tion ( 16) . It has been hypothesiz ed 
tha t the a ttachment to the host legume root hair is media ted 
by the host pla nt lectins ( 8 , 15, 18 ) . This mechanism is a 
reasonably common feature of legume/Rhizobium association. 
After this a ttachment, Rhizobium induces the curling and 
bra nching of root hairs. The subsequent result is the 
forma tion of infection threads which are tubula r structures 
that carry Rhizobium cells, often single file, from the root 
surface into the root cortex. A Rhizobium is released from 
the end of the infection thread in a host membrane envelope 
where it undergoes a morphological change, establishing the 
ba cterial symbiont in the host cortical cell cytopla sm. 
These ea rly steps are followed by the induction of pla nt 
cell division in the localiz ed region of infection and 
subsequent nodule growth and development ( 19 ) . The nodules 
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are the location where the nitrogen is converted into 
ammonia catalyz ed by nitrogenase, an enz yme produced by the 
Rhizobium. 
Rhizobium is a gram-negative bacterium. In this 
bacterium, a thin peptidoglycan layer is sandwiched between 
the cytoplasmic membrane and an outer membrane (40) . The 
outer membrane contains lipopolysaccharide (LPS) , 
phospholipid and lipoprotein. In addition to LPS, the 
surface polysaccharides also consist of extracelluar 
polysaccharides (EPS) and capsular polysaccharides (CPS) , 
which exist in the surrounding medium. All of these 
molecules have been thought to play an important role in the 
specific attachment of the symbiont bacteria to the legume 
host ( 10, 16) . 
There are many reports which indicate a role for the 
EPS in the symbiotic process of Rhizobium. An example is 
the mutant of R. leguminosarum which produces diminished 
amounts of EPS will not nodulate its host pea, while mutants 
which produce larger amounts of EPS will produce more 
nodules ( 3 9 ) . The result that diminished production of EPS 
is related to the inability of the mutant to nodulate its 
host has been described by Sanders et al ( 3 8 ) . Also, they 
have reported that the exo LPS has a very similar structure 
to the parental LPS ( 3 8 ) . These results suggest that 
Rhizobium EPS is important f or the initial interaction 
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between a Rhizobium and its host. Moreover, the structural 
sequences of EPS from several species of Rhizobium have been 
determined ( 8 ) .  T hese studies have shown that Rhizobium EPS 
can be very complex structures containing a repeating 
oligosaccharide of more than eight sugars ( 8 ) . 
However, Rhizobium LPS has not been investigated as 
extensively as the EPS. Unlike EPS, the sugar compositions 
of highly purified LPS from several strains of fast-growing 
Rhizobium indicate that LPS composition varies greatly from 
strain to strain ( 7 , 8 , 50) . T he LPS is synthesiz ed in the 
plasma membrane and is then transferred to the outer 
membrane ( 41) . T he LPS from those of published studies of 
Salmonella and E. Coli have been shown to be present in two 
general forms. O ne form is a complete molecule which 
contains three major regions : a-antigen ( polysaccharide) , 
core ( oligosaccharide) , and lipid A ( 33 , 48 ) . T he other 
form is the incomplete molecule which lacks the 0-antigen 
( 27 ) . T he 0-antigen is a polysaccharide that consists of a 
repeating oligosaccharide which is attached to the core 
oligosaccharide and varies in composition from strain to 
strain ( 10, 13 ) . T he core oligosaccharide is attached to the 
lipid-A through an acid-labile ketosidic bond with 2-ke to-3 -
deoxyoctonic acid ( K OO )  ( 27 ) . T he lipid-A moiety is the 
hydrophobic part of this large molecule. It contains fatty 
acids which may be linked to glucosamine residues. In 
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contrast to the fatty acyl part of lipid-A, the a-antigen 
and core are highly hydrophilic. T he polysaccharide region 
of Rhizobium LPS can be separated from the lipid-A by mild 
acid hydrolysis with acetic acid due to the lability of the 
ketosidic K DO bond ( 21) . T he two LPS structural regions, 
the core oligosaccharide and a-antigen oligosaccharide, can 
be separated by using Sephadex G-50 gel-filtrarion 
chromatography. 
Although the LPS compositions vary greatly among 
different strains, they have some features in common ( 8 ) .  
T hese features are : i) the LPS of all of the strains (R. 
leguminosarum, R. trifolii, and R. phaseoli) contain lipid-
A, K DO ,  and polysaccharide, and ii) the lipid-A--
polysaccharide bond can be hydrolyz ed by mild acid. In 
addition, more recent studies have shown that the core 
regions of LPS from R. phaseoli, R. leguminosarum and R. 
trifolii all have molecular weights of about 600-7 00 and are 
composed largely of galacturonic acid with smaller amounts 
of mannose, gala ctose, glucose ( 10, 13) and K DO ( 13) . 
Recently, the structure of the maj or core component from 
Rhizobium trifolii ANU8 43 LPS has been determined ( 11) . It 
consists of two terminal galacturonic acid residues linked 
( alpha) to the 4 and 7 positions of K DO ( 11) . In most cases 
the a-antigens are likely to be complex oligosaccharides 
( 10, 13) . F or several R. trifolii LPS it is known that both 
5 
the a-antigen and core have K DO at their reducing end 
indicating that both are linked to the remainder of the LPS 
molecule via a K DO residue ( 11, 13 ) . These results are 
unlike the general types from Salmonella and E. Coli LPS 
given above ( 48 ) .  
The biological activity of Rhizobium LPS in symbiosis 
is still not clear. Carefully purified LPS has not been 
tested with any host legume for specific root hair curling 
activity, nodulation enhancement activity, inhibition of 
Rhizobium attachment to roots, etc. ( 2) .  Until now, there 
have been no reports in the literature which outline the 
exact structure of any Rhizobium LPS. Recently, the 
chemical compositions of LPS from several strains of R. 
trifolii, R. leguminosarum, R. phaseoli, and R. meliloti 
have been determined ( 8 ) .  Moreover, there are several 
reports which suggest that the LPS is important in the 
symbiotic process. LPS from several species of Rhizobium 
can interact specifically with host seed lectins 
( 3 , 17 , 26, 29 -3 1, 3 7 , 49 ) . Some reports present data showing 
that lectin from the host appears to bind LPS only from the 
symbiont bacteria. Also, it has been reported that LPS can 
inhibit the binding of the bacterial symbiont to the host 
root ( 24, 3 2, 46, 47 ) . However, these reports cannot define a 
role for LPS in symbiosis, since the data concerning the 
specificity of attachment and the binding of host lectin to 
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the rhiz obial symbiont are ambiguous ( 12) . There are other 
reports which present data that indicate attachment is not 
specific. 
Tentatively, it appears that the ability to synthesiz e 
LPS molecules containing the a-antigen is essential for 
carrying infection of bean beyond an early stage ( 12) . A 
recent report describes two mutants of R. phaseoli which 
form nodules with a characteristic aberration in development 
( 3 5) .  These nodules contain infection threads and bacteria, 
however, the infection threads develop abnormally and abort 
( 3 5) .  The mutants have been shown to have an altered LPS. 
F uthermore, the defect in LPS and the defect in symbiosis 
are due to a single mutation in each mutant ( 3 5) .  When the 
mutant LPSs are analyz ed by SDS polyacrylamide gel 
electrophorsis ( PAGE) , they lack a higher molecular weight 
band, LPSI, but contain a lower molecular weight band 
( LPSII) which is present in both the parent and mutant LPSs 
( 3 5) .  Some reports have suggested that the LPSI is due to 
the complete form of LPS which carries the a-antigen while 
LPSII is due to LPS which lacks th a-antigen ( 9, 10, 13 ) . 
Lately, a report by Carlson et al shows that the component 
missing in the R. phaseoli mutant LPS is the a-antigen 
portion ( 12) . 
This thesis concentrates mainly on structural 
determination of the a-antigen from Rhizobium leguminosarum 
7 
128 C53 smr rif r ( a  streptomycin and rif ampicin resistant 
strain of wild type 128 C53 , hereafter designated Rhizobium 
leguminosarum 128 C53 ) and its mutant ANU54 ( nod-, fix-) .  
8 
EXPERIMENTAL SECTION 
O rganisms 
B acterial strains were obtained from Dr. Peter 
Albersheim, Carbohydrate Research Center, University of 
Georgia at Athens. 
Growth of T he B acteria 
Rhizobium leguminosarum 128 C53 and its Exo-l mutant 
ANU54 were grown in New Modified B ergersen's Medium ( NMB ) , 
which contains the components listed in T able 1. T he pH was 
adjusted to 6. 9 with 6N NaO H prior to autoclaving. 
TAB LE 1 
New Modified B ergersen's Medium 
Components 
Potassium phosphate CK 2HP04) 
Magnesium sulfate ( Mgs o4. 7 H20) 
Glutamic acid 
Mannitol 
Calcium pantothenate 
9 
Amount 
250 mg/l 
100 mg/l 
1. 1 g/l 
10 g/l 
4 mg/l 
( T o be continued . • •  ) 
* 
Trace elements: 
Calcium chloride ( Cac12. 2H2o> 
B oric acid ( H3 ao3 ) 
Cobalt chloride ( Cocl2. 6H2o> 
F errous sulfate ( F es o4. 7 H2o> 
Copper sulfate ( Cus o4. 5H2o> 
Manganese chloride ( Mncl2. 4H2o> 
Zinc sulfate ( Zns o4. 7 H2o> 
Sodium molybdate ( Na2Moo4. 2H2o> 
Nitrilotriacetic acid, trisodium salt 
N ( CH2co2) Na3 . H20 ) 
** 
Vitamins: 
Riboflavin 
p-Aminobenz oic acid 
Nicotinic acid 
B iotin 
Thiamine-HCl 
Pyridoxine-HCl 
Inositol 
* 
6. 62 mg/l 
0 . 145 mg/l 
0 . 0 59 mg/l 
0 . 125 mg/l 
0 . 005 mg/l 
0 . 0 043 mg/l 
0 . 10 8  mg/l 
0 . 125 mg/l 
7 . 00 mg/l 
0 . 0 2 mg/l 
0. 0 2  mg/l 
0. 0 2  mg/l 
0. 0 2  mg/l 
0 . 0 2 mg/l 
0 . 0 2 mg/l 
0 . 12 mg/l 
Trace elements were prepared as a 10 00 X stock solution 
and the pH was adj usted to 5. 0 before adding 
elements. ( To be continued • • •  ) 
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** 
Vitamins were prepared as a 1000 X stock solution in 0.05 
M sodium phosphate buffer at a pH = 7 .0. 
B acterial slants were checked by gram stain ( 22) prior 
to inoculating three or four 125 ml starter flasks 
containing 40 ml culture medium. The flasks were placed on 
0 a shaker for 3 -4 days at 26 c. O ne day prior to the 
transfer to a lOL bottle, the following tests were performed 
on each flask to check for contamination: i) gram stain, 
ii) streak on nutrient agar, and iii) streak on solid medium 
containing the appropriate antibiotics ( refer to Table 2) . 
TAB LE 2 
The Growth Characteristics of R .  leguminosarum Strains 
Strain NA 
128 C53 
ANU54 
* 
NMB NMB +Rif. 
+ + 
+ + 
11 
* 
NMB +Str. 
+ 
+ 
* 
NMB +K an. 
( To be continued ... ) 
at 65°c was then added and this mixture was stirred for 15 
0 minutes at 65 c, cooled for 15 minutes in an ice bath, and 
centrifuged at 8 , 000 x g for 20 minutes at s0c. The top 
water layer containing the LPS was removed and saved. The 
phenol mixture was mixed with 100 ml of deioniz ed water at 
65°c and the procedure repeated. The water layers were 
combined and dialyz ed against deioniz ed H2o in Spectrapor 
membrane tubing with a molecular weight cut off at 12, 000-
14, 000. 
The nucleic acids of the dialyz ed LPS solution were 
removed by digestion with RNase A and DNase I enz ymes. The 
nuclease treatment is shown in Table 3 .  
13 
DNase 
RNase 
TABLE 3 
The Nuclease Trea tments 
Concentra tion 
1 mg/ml in O.lM Tris 
and O.OlM MgS04, PH=7.2 
10 mg/ml in O.lM Tris 
and O.OlM MgS04, PH=7. 2 
Amoun t· ... 
0. 1 ml 
0. 1 ml 
�----------------------------------------------------------
Buff er O.lM Tris and O.OlM 
Mg SO,,., PH=7. 2 
* Per 100 ml of water layer. 
14 
10 ml 
This mixture was allowed to stand at room temperature 
for 24 hours, and dialyz ed as before. The dialyz ed LPS­
containing solution was then concentrated in a B uchi 
Rotavapor evaporator to about 50 ml and freez e-dried. 
Purification of Lipopolysaccharides 
Purification of LPS was accomplished by gel filtration 
using a Sepharose 4B column. The buffer ( pH = 7 . 0) applied 
to the column contained 2. 9 22 g/l of EDTA, 4. 3 ml/l of 
triethylamine and 200 mg/l of sodium az ide. The flow rate 
was about 0. 2 ml/min. Since the LPSs contain hexose and 2-
keto-3 -deoxyoctonate, peaks were detected by using hexose 
( 20) and K DO assays (44) ( see Appendix I and II ) .  The 
first peak from the 48 column, whic h was pure LPS, was 
collected and dialyz ed against deioniz ed H2o and freez e­
dried. 
Separation and Purification of 0-antigen 
The LPSs were weighed and subj ected to mild acid 
hydrolysis. The samples ( 2  mg/ml) were dissolved in 1% 
acetic acid, heated at l00°c for one hour, and cooled in an 
ice bath. Lastly, they were centrifuged to remove lipids 
and the supernatant was freez e-dried. 0-antigen was 
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separated from the core by using a Sephadex G-50 or G-25 
gel-filtration column (10) . The peaks were determined by 
hexose and uronic acid assays (5) (see Appendix III) . 
Smith Degradation 
The 0-antigen was further analyz ed by the Smith 
degradation method (28 ) . The lipopolysaccharides from 
128 C53 and ANU54 (150 mg) were each dissolved in 50ml 0. 1 M 
sodium acetate buffer at pH 4. 9 (1. 3 6  g NaAc/100 ml H2o, 
adj ust pH to 4. 9 with HAc) . Sodium periodate (0. 2 M) in 
the same buffer (12. 5 ml) was added to a final concentration 
of 0. 04 M. The oxidation was carried out in the dark at 4°c 
for 3 days, and was stopped by the addition of ethylene 
glycol (28 0 ul) . The solution was dialyz ed against 
deioniz ed H2o and concentrated to about 20 ml. Sodium 
borohydride (500 mg) was added and the solution was kept at 
room temperature overnight. Neutraliz ation, dialysis and 
freez e-drying yielded the polyalcohol. Delipidation and 
cleavage were performed in one step by hydrolysis with 1% 
acetic acid at l00°c for one hour. Centrifugation to remove 
lipid followed by gel-filtration with G-50 column gave the 
Smith degraded 0-antigen (0-anti-SD) . 
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Analytical Techniques 
The hexose composition of the 0-antigen (before and 
after Smith degradation) was quantitatively determined by 
gas chromatography (GC) (1) of the alditol acetate 
derivatives performed on a Hewlett-Packard instrument (Model 
58 90) equipped with a 0. 2 um df by 15 m Fused Silica 
Capillary SP-23 3 0  column. The 0-antigen and 0-anti-SD 
samples were hydrolyz ed in 2M trif luoroacetic acid for 2 
0 hours at 121 c. The resulting monosaccharides were then 
converted into their corresponding alditols with sodium 
borohydride and then into acetates by heating with acetic 
anhydride in pyridine (see Appendix IV) . The alditol 
acetates were identified by comparision of their GC 
retention times and their peak areas to the standard sugars. 
The amount of each sugar was determined by integrating the 
curve generated by the flame ioniz ation of the gas 
chromatographic effluent. The integration was accomplished 
with a computer data system, chromatochart by IM!, State 
College, Pa. The amount of each alditol acetate has been 
corrected for differences in the flame ioniz ation detector 
responses using a correction factor. This correction factor 
was calculated from the ratio of the area obtained for a 
known amount of the standard sugar to a known amount of 
inositol, the internal standard. 
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The linkages of the a-antigen were determined by 
methylation and GC-mass spectrometry technique (4) . The 
polysaccharides were methylated by a modification of 
Hakimori's procedure (25, 42) . Prior to methylation, 
dimethyl sulfoxide (DMSO) anion was prepared as follows: K H  
(1 g) in oil was washed with hexane three times, and kept in 
2 ml of hexane. Four ml of DMSO was added dropwise slowly 
to the K H. This reaction was allowed to proceed for 3 hours 
at room temperature with stirring. The molarity of the DMSO 
anion was determined by titration with 0. 1 M HCL and found 
to be about 2 M. O ne mg (or less) of sample was dissolved 
in 500 ul of DMSO and then 100 ul of DMSO anion was added 
and the mixture was shaken for one hour. Next, an 
equivalent mole of CH3 I was added and this mixture was 
shaken for one hour. After the above procedures had been 
repeated one or two more times, 500 ul of DMSO anion was 
added and shaken for one hour. An excess of ctt3r (about 1 
ml) was added and the mixture allowed to stand at room 
temperature overnight. The methylated polysaccharides were 
purified by a Sep-Pak c18 column (42) (see �ppendix 5) and 
then acetylation was performed as described earlier. The 
linkages can be determined from the GC-mass spectrometry 
data. This was done at the Regional NIH GC/MS facility at 
Washington University, St. Louis, Missouri. Comparison of 
retention times to those of authentic standards was done by 
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Dr. Mike McNeil at the University of Colorado, Department of 
Chemistry. 
1H and 13c nuclear magnetic resonance spectroscopy 
(NMR) were also performed on the samples. The proton 
spectra were recorded on Nicolet T360 spectrometer in 
deuterium oxide (D20) at 8 0
°c operating at 360 MHZ and 13c 
spectra were recorded on T 360 spectrometer in D20 at 25
°c 
operating at 90 MHz for 17 hrs. All chemical shifts are 
referred to TMS. 
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RESULTS 
Purification of a-antigen. LPSs of R. leguminosarum 
128C53 and ANU54 mutant isolated by the phenol-water 
extraction procedure were purified by gel filtration on a 
Sepharose 4B column eluting with an EDTA- and triethylamine-
containing buffer. It has been found that the LPS can be 
cleanly separated from the glucose-rich small molecular 
weight components in this column (7 ) .  About 112 mg of 
purified LPS from 128C53 and 200 mg of purified LPS from 
ANU54 were obtained from 10 L of bacteria which were grown 
to stationary phase. The polysaccharide regions (a-antigen 
and core) of LPS were separated from the lipid by mild acid 
hydrolysis. The a-antigen and the core were then separated 
and identified by Sephadex G-50 gel-filtration column 
chromatography eluting with de-gassed deioniz ed water. 
About 3 mg (some material was lost) of a-antigen from 40 mg 
128C53 LPS and 30 mg of a-antigen from 150 mg ANU54 LPS were 
obtained. 
Smith degradation is an important method used in the 
structural sequence analysis of polysaccharides (36) . The 
method involves sodium periodate oxidation which only 
cleaves the 1, 2-diol bond (-CHaH-CHaH) , followed by sodium 
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borohydride reduction and controlled acid hydrolysis of 
acyclic acetal linkages. The purposes of Smith degradation 
are to identify the terminal sugar and to give information 
about the arrangement of the polysaccharide. After Smith 
degradation, about 10 mg of 0-anti-SD from 200 mg ANU54 LPS 
and 3.5 mg of o-anti-SD from 7 5  mg 128 C53 LPS are obtained. 
All of these samples are then subjected to gas 
1 13 chromatography, GC-mass spectrometry, H-NMR and C-NMR 
analysis. 
Composition analysis. The gas chromatography analysis 
gives the relative compositions of 0-antigen in Table 4 and 
the relative compositions of 0-anti-SD in Table 5. 
The data in Table 4 show that the ratio of Rha:Fuc:Man 
is roughly 1:2:1. The rhamnose residues in both parent and 
mutant are somewhat higher. 
After Smith degradation (Table 5) , rhamnose and fucose 
are retained with a ratio of Rha:Fuc = 1:2. 
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Table 4 
The Relative Sugar Composi tions of the 0-antigen from 
R. leguminosarum 128C53 and mu tan t ANU54. 
GC condition: 190-1 0-240 hold 10 min. 
Rela tive % of Mass 
Componen ts -------------- --------------
128C53 .... ANU54""* 
Rhamnase 2 9  29 
Fucase 43 47 
Mannase 22 24 
Glucose 6 0 
* These values account far 99% of 250 ug samples. 
** These values accoun t far 8 8% of 250 ug samples. 
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Table 5 
The Relative Sugar Compositions of 0-anti-SD from 
R. leguminosarum 128C53 and mu tant ANU54 
GC condition: 190-10-240 hold 10 min. 
Rela tive % of Mass 
Componen ts --------------------------------
128C53 ANU54 
Rhamnose 33 34 
Fucose 67 65 
Glucose tr ace tr ace 
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The linkage analysis. The 0-antigens and 0-anti-SD 
were methylated and acetylated to determine their linkages. 
The aim of methylation is to methylate all of the free 
hydroxyl groups in these polysaccharides. This was 
achieved by repeating the reaction with DMSO anion and 
methyl iodide. The methylated 0-antigen and o-anti-SD were 
then hydrolyz ed, reduced and acetylated. Sodium 
borodeuteride was used to label the C-1 carbon in the 
reduction. 
It has been shown that there are four peaks in the gas 
chromatographic trace (capillary column) for the methylated 
a-antigen of 128 C53 and ANU54 (Figure 1) and two peaks in 
the GC trace for the methylated 0-anti-SD of 128 C53 and 
ANU54 (Figure 2) . The relative area percentages of these 
peaks are listed in Table 6. The linkage analysis was done 
by using the combined application of gas chromatography and 
mass spectrometry. These procedures were performed at the 
regional NIH GC/MS facility at Washington University. The 
mass spectra and the primary fragments of methylated 0-
antigen and 0-anti-SD from ANU54 are displayed in Figures 3 
to 7 .  
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Table 6 
The Rela tive Ar ea Percen tages o f  the Me thyla ted a-an tigen and 
a-an ti-SD fro m R. leguminosarum 128C53 and ANU54 
GC condi tion: 150-4-240 Na hold. 
Ar ea Per cen tages 
-----------------------�- --- - - --- ------- --- --- -
Compo nents a-antigen a-an ti-SD 
----------- ----------- ------------ ------------
128C531 ANU54 2 128C5T9 ANU54'+ 
1,3-L-Rhamnase 31 26 38 39 
1, 3-L-Fucase 24 27 62 60 
1,2,3-L-Fucase 24 24 0 0 
t-Manno se 21 23 0 0 
1. These values acco unt fo r 83% of 100% ar ea. 
2. These values account fo r 78% o f  100% area. 
3. These values account fo r 84% o f  100% area. 
4. These values account fo r 85% o f  100% area. 
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B y  comparing the retention times to those of authentic 
standards, done by Dr. Mike McNeil at the University of 
Colorado, we find that the four peaks are attributable to t­
mannose, 1, 3-linked-rhamnose, 1, 3-linked-fucose and 1, 2, 3-
linked-fucose in the 0-antigen GC trace (Figure 1) , 
respectively. The area percent ratio of 1, 3-L-Rha : 1, 3-L­
Fuc : 1, 2, 3-L-Fuc : t-Man is 1:1:1:1. In the 0-anti-SD GC 
trace (Figure 2) , the peaks of t-mannose and 1, 2, 3-linked­
fucose disappear, while the peaks of 1, 3-linked-rhamnose and 
1, 3-linked-fucose are retained. Meanwhile, the peak of 1, 3-
linked-fucose increases. The area percent ratio of 1, 3-L­
Rha:l, 3-L-Fuc is about 1:2. Also, from the GC/MS fragment 
data of the a-antigen (Figure 3) , we can deduce that peak #1 
is a mixture of t-mannose and 1, 3-linked-rhamnose since the 
packed column used in the regional NIH GC/MS facility cannot 
separate these two sugars completely. Peak #2 (Figure 4) is 
1, 3-linked-fucose and peak #3 (Figure 5) is 1, 2, 3-linked­
fucose. For the 0-anti-SD, peak #1 is 1, 3-linked-rhamnose 
and peak #2 is 1, 3-linked-fucose. 
Samples are subjected to further analysis using 1H and 
13c nuclear magnetic resonance (NMR) . 1H -NMR spectra of 
a-antigen from 128 C53 (Figure 8 )  and ANU54 (Figure 9) present 
the signals listed in Table 7 .  
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Table 7 
The 1 H-NMR chemical shifts, assignments* and integral 
o f  0-an tigen fro m R. leguminosarum 128C53 and ANU54. 
8 (ppm) iH Integral 
1-- -------- ---------- ...... --------- r-- -------- ---------- ,....---------
128C53 ANU54 128C53 ANU54 128C53 ANU54 
..... --------- ._--------- ,_--------- ..,_--------- --------- r---------- r-
5.40 5.37 H-1 (eq) H-1 (eq) 1 1 10 
Man Man 
---------- '"---------- �--------- �--------- --------- ---------
5. 18 5. 15 H-1 (eq) H-1 (eq) 
Rha Rha 32 32 
5. 14 5. 10 Fuc Fuc 
..... --------- --------- --------- --------- --------- ---------
1 .35 1 .32 -CH:'3 -CH:"' 
Rha Rha 104 94 
1 . 29 1 . 26 Fuc Fuc 
* Refer to reference (36) . 
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The chemical shifts of the anomeric protons on the pyranose 
rings indicate that all anomeric linkages are alpha (36) . 
The integral of these peaks from both parent and mutant 
strains reveal that the ratio of anomeric mannose proton to 
the anomeric proton of 6-deoxyhexoses and methyl proton of 
the 6-deoxyhexoses is 1:3:9. This is consistent with both 
the composition and methylation data given above, all of 
which support a tetrasaccharide repeating unit. 
1 The H-NMR spectra of o-anti-SD from 128 C53 (Figure 
10) and ANU54 (Figure 11) give further evidence. Their 
chemical shifts, assignments and integral are listed in 
Table 8 . The 1H-NMR spectra from 128 C53 and ANU54 of 
0-anti-SD show that the '-anomeric mannose proton signals 
disappear and the signals of anomeric and methyl group 
protons assigned to the 6-deoxyhexose residues remain 
(Figures 8 and 9) . The integral of these peaks indicate 
that the ratio of anomeric 6-deoxyhexose protons to methyl 
group protons of 6-deoxyhexose is 1:3. 
The 13c-NMR spectra of a-antigen (Figure 12) and 
o-anti-SD (Figure 13) from ANU54 give more confirmative 
information. The assignments of some special signals are 
given in Table 9. 
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Tabl e 8 
The 1 H-N M R  chemical shifts, assignments and integral o f  
0-anti-SD fro m R. leguminosarum 128C5 3 and ANU54. 
0 <ppm> l. H  Integral 
---------- --------- ---------- --------- ---------- r-- --------
128C5 3 ANU54 128C5 3 ANU54 128C53 ANU54 
---------- ,_..--------- ---------- ---------- ---------- ,_..---------
5. 09 5. 09 H-1 < eq > H-1 ( eq > 663 341 
Rha Rha 
Fuc Fuc 
--------- --------- i.---------- ---------- i.---------- ---------
1. 30 1. 25 -CH3 -CH :,3 
Rha Rha 2,084 1 ,03 3 
1. 21 1 .  20 Fuc Fuc 
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Table 9 
The 13C-NMR chemical shifts and assignments* of 
0-antigen and 0-anti-SD fro m ANU54. 
0 (ppm> 123c 
------------- ..:------------ �------------- --------------
a-antigen a-anti-SD a-antigen a-anti-SD 
-- ---- ------ - i.------------- �------------- ------- ------
105.2 104.7 C-1 «x-Rha) C-1 «x-Rha) 
99. 1 C-1 (0<-Man) 
97.5 9 8. 8  C-1 (0<-Fuc) C-l (o;-Fuc) 
95.3 9 8.5 C-1 (0<-Fuc) C-1 (0<-Fuc) 
64.2 C-6<Man> 
19. 6 19.6 C-6<Rha) C-6<Rha) 
1 8. 1 1 8.1 C-6<Fuc) C-6<Fuc) 
1 8.0 1 8.0 C-6<Fuc) C-6<Fuc) 
* Refer to reference (6,23). 
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The data show that there are four anomeric carbon atoms (C­
l) , three methyl carbon atoms (C-6) assigned to three 6-
deoxyhexose residues and one -cH20H group carbon atom (C-6) 
assigned to the mannose residue in the spectra prior to 
Smith degradation. The signals of the C-1 and C-6 of 
mannose disappear after Smith degradation. Also, in these 
spectra at least 23 of the possible 24 tetrasaccharide 
carbon resonances for the 0-antigen and 16 of the possible 
18 trisaccharide carbon resonances for the 0-anti-SD are 
detected. 
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Parent 
- - - - - - - -- - - - - - - - - - - - ..A. - -- -= <>- -- - _, -- - - - - -
Mutant 
- - - - _fl.. - - - - -
RETENTION TIME 
Figure 1. The GC trace of methylated 0-antigen from 
R . . leguminosarum 128C5J and ANU54 mutant. 
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RETENTION TIME 
Figure 2 . . The GC trace of methylated 0-anti-SD from 
R. leguminosarum 128C5J and ANU54 mutant. 
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Figure 4. GC-mass Spectra of 0-antigen (peak #2) 
from ANU54. 
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5.5 5.0 4.5 4.0 J.5 J.O 2.5 2.0 , . 5 1. 0 PPM 
Figure 8. 1H-NMR spectra of 0-antigen from R. leguminosarum 
128C5J in D20 operating at J60 MHz. 
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5 4 3 2 PPM 
Figure 9. 1H-NMR spectra of 0-antigen from R. leguminosarum 
ANU54 mutant in D20 operating at 360 MHz. 
40 
Figure 10. 
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H-NMR spectra of 0-anti-SD from R .  legurninosarum 
128C5J in D20 operating at J60 MHz. 
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Figure 11.'H-Nl\hl spectra of 0-anti-SD from R .  leguminosarum 
ANU54 mutant in DiO operating at 360 MHz. 
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DISCUSSION 
R. leguminosarum parent strain 128 C53 has the ability 
to form a symbiotic relationship with its host pea. It can 
nodulate pea (nod+) and fix nitrogen (fix+) .  However, its 
mutant ANU54 cannot carry out this role in the symbiotic 
process (nod-, fix-) .  It has been known that ANU54 is 
missing two plasmids, one of which carries the symbiotic 
genes (pSym) . In order to understand the molecular basis 
for the interaction between Rhizobium and its legume hosts, 
numerous investigations on the surface polysaccharides of 
Rhizobium have been done. The LPS is thought to be 
important in symbiosis, therefore, it is necessary to 
determine its structure. In order to find out whether the 
gene or pSym are required for LPS synthesis, the comparison 
of structures between parent and mutant strains is 
important. 
Structure analysis The resulting data show that the 
0-antigen from parent and mutant strains is a 
tetrasaccharide repeating unit. This is supported by the 
following experimental results: 
1) Gas chromatography gives a composition ratio of 
Rha:Fuc:Man = 1:2:1. 
45 
2) NMR analyses reveal that there are four anomeric 
proton and four carbon resonances. The integral ratio of 
Man to Rha, Fuc anomeric protons is 1:3. Also, all the 
anomeric proton chemical shifts are between 5 to 6 ppm 
indicating that all linkages are alpha. 
3) Methylation analysis (GC) of o-antigen indicates 
that the area percentage ratio of 3-Rha:3-Fuc:2, 3-Fuc:t-Man 
= 1:1:1:1. 
Although the composition data from GC show that the rhamnose 
value is slightly high (the data are not understood yet) , 
the NMR and methylation data clearly confirm Rha:Fuc:Man = 
1 : 2 : 1 • 
The rnethylation and GC/MS combination analysis 
indicates that these four sugar residue linkages are 1, 3-
linked-Rha, 1, 3-linked-Fuc, 1, 2, 3-linked-Fuc and t-Man. 
Their arrangement may have four possibilities: 
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1 ) 
2 >  
3) 
4) 
5 )  
-f-
-f-
-f-
:?.!Fuc -- :?.!Fuc 
2 1 
Man __ :3Rha 
:?.! I 
Man --�3Rha 
:9Rha -- 3Fuc 
Man __ :�uc 
-f- ::!!Rha - ::�Fuc - :?.!Fuc J __ _ 
2
1 
� 
Man 
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The Smith degradation is used to determine the 
arrangment of sugar residues of a-antigen. The data 
indicate that the only glycosyl residue susceptible to 
removal by Smith degradation is the terminal mannose, 
because the 6-deoxyhexose residues do not contain any 1, 2-
diol (-CH O H-CH O H -) and will resist periodate oxidation. 
After Smith degradation, the data can be summariz ed as 
follows: 
1) The GC shows that the composition of 0-anti-SD is 
Rha:Fuc=l:2. 
2) 1tt and 13c-NMR show that the anomeric proton and 
carbon resonances of mannose have disappeared. Also, the c-
6 f . 13 . . . resonance o mannose in C-NMR is missing. 
3) The GC/MS of methylation analysis shows that the 
composition and linkage are 1, 3-linked-Rha:l, 3-linked-
Fuc = 1:2 
According to these results, the only arrangements of 0-
antigen are the fourth and fifth posibilities above. Three 
6-deoxyhexose residues are 1, 3-linked in the backbone and 
the terminal mannose is attached to the 2-position of one of 
the two fucose residues since the original 1, 2, 3-linked-Fuc 
becomes 1, 3-linked-Fuc after Smith degradation. 
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The results from various analytical methods and 
techniques confirm that the compositions and linkages of a-
antigen from parent 128 C53 and mutant ANU54 are identical to 
each other. The structural model of a-antigen can be given 
as Figure 14. 
In comparison with the data from reference ( 6) ,  some 
. t. f th . . f 13 suppos1 ions or e rema1n1ng resonances rom C-NMR 
spectra can be given, although these assignments were not 
listed in the Table 9. The resonances at 69.1 ppm, 7 0.5 ppm 
and 7 1.2ppm, which are missing in the a-anti-SD, can be 
attributable to the C-4, C-3 and C-2 of the terminal mannose 
residue respectively. Since one resonance of the a-antigen 
and two resonances of the a-anti-SD did not appear in the 
13c-NMR spectra, the C-5 resonance could be in 7 2.6 ppm or 
7 5.3 ppm. The data for other three 6-deoxyhexose residues 
in reference are not complete, therefore, it is hard to 
identify them. 
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OH 0 -+--
CH�OH 
1----0 
0 
+31 3 1  31t Rha-0( -- Fuc -d.--2ruc-o< n 
1Man 
Figure i4. The structural model of 0-antigen from 
R. leguminosarum 128C5J and ANU54 mutant. 
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n 
Currently, we are working on the trisaccharide 
analysis of 0-an tigen using the partial acid hydrolysis 
me thod in order to de termine to which fucose the terminal 
mannose is l inked. In general, acid hydrolysis can 
par tially break the main chain as the following two 
pa t terns: 
1 ) 
+� tr +�� t 1 3  1 3  I 3 1 3  1 3  1 3  1 .3  1 3  1 ha--=Fuc-=-Fuc ha-=.f"uc-=-Fuc ha--Fuc--Fuc �I �I �I , Man Man Man 
2) 
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In the first pattern, only two kinds of trisaccharides 
can possibly be obtained: 
1 Fuc 
1 Man 
1 Man 
In the second pattern, another two trisaccharides can 
possibly be obtained: 
Rha1 
Man1 
1 Man 
3Fuc 
These trisaccharides can be purified by Sephadex G-25 
column and then by high performance liquid chromatography 
(HPLC) . Their compositions and linkages can be deduced from 
the fast atom bombing mass spectrometry (f. a. b. m. s. ) .  
Since the exact position of terminal mannose residue 
has not been determined, the only possible difference 
between the parent and mutant strains in the a-antigen 
structure is in the position of t-man. However, 
immunochemical data show that the antiserum to ANU54 react 
as well with parent 128 C53 as with mutant ANU54 LPS (14) . 
This supports the idea which the structure of a-antigen from 
parent and mutant strains should be identical. 
Role of LPS in nodulation According to present data, 
the a-antigen chain of LPS from the mutant ANU54 is 
identical to the parent 128 C53. However, the mutant ANU54 
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does not have the ability to attach to root hair, cause root 
hair curling, form infection threads and produce nodules in 
the host pea (3 4) . This implies that LPS may not be 
directly involved in the early stages of attachment, hair 
curling or infection thread formation; or it is not the only 
molecule required for these stages. Also, the genes 
dictating the synthesis of the LPS do not reside in the 
symbiotic plasmid since pSym is missing in the mutant ANU54. 
B ut, it is still possible that the LPS has a role in later 
symbiotic steps such as bacteroid formation. As a result, 
more studies are needed to be done before a decisive outcome 
can be reached. Presently, the core structure of LPS from 
mutant ANU54 is still under study. In addition, we are 
working on a collaborative project with Dr. Dale Noel at 
Marquette University. Dr. Noel has a mutant from R .  
phaseoli in which a symbiotic defect is linked to a defect 
in LPS synthesis. 
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APPENDIX I 
H exose Assay 
Preparation: 
1. P repare or obtain from the freez er a 1 mg/ml solution 
of glucose standard. 
2. P repare 1 mg/ml solution s of samples to be assayed. 
Procedure: 
1. Prepare a series of test tubes containing increasing 
amounts of the standard from 0 to 200 ul. Add 
sufficient deioniz ed water for a final volume of 
500 ul. 
2. Prepare a series of tubes for the samples but use 
larger volumes of the samples (50-300 ul) . Add 
deioniz ed water to a final volume of 500 ul. 
3. Add 1 ml of 0. 2% anthrone in cone . H 2 s o 4 • vortex. 
4 . Wait 5 minutes and read absorbance at 620 nm. 
Prepare a graph with the absorbance reading of the 
standard as the vertical axis and the number of 
micrograms of glucose as the horiz ontal axis. Read the 
number of micrograms in the poly-saccharide samples from 
their absorbance r eadings. Calculate the percent hexose 
in the polysaccharide. 
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APPENDIX II 
K DO Assay: 2-K et o-3-deoxyoct onic acid 
Reagent s: 
1. St andard of 0. 1  mg/ml K DO 
2. 0. 4 N H2s o4 
3. 0. 04 N HI04 in 0. 4 N H2s o4 
4. 2% NaAso2 (Sodium Arsenit e) in 0. 5 N HCl 
5. 0. 3% Thiobarbit uric Acid 
Procedure: 
1. Prepare a set of st andards of 0-100 ul of K DO and 
samples of at least 200 ul. Tot al volume must be 200 
ul. 
2. Add 20 ul of H2s o4 t o  st andards and samples. vort ex. 
Heat 30 mins in a hot wat er bat h. 
3. Add 250 ul of HI04 • vort ex. Let st and at room 
t mperat ure at least 40 mins. 
4. Add 500 ul of NaAso4 • vort ex. Allow t o  st and 5 mins. 
5. Add 2ml of t hiobarbit uric acid. vort ex. Pl ace in a 
hot wat er bat h for 20 mins. 
6. Read absorbance immediat el y at 548 nm. Cent rifuge any 
cloudy sampl es 1 min. in t ablet op cent rifuge. 
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APPENDIX III 
Ur on ic Acid Assay 
Reagents: 
1. 0. 0125 M sodium tetr abor ate (Na2s 4o7 . 10 H 2o> in 
con e .  H 2s o4 • Stor ed in cold r oom. 
2. 0. 15% m-hydr oxybiphen yl in 0. 5% NaO H .  Stor ed in cold 
r oom. 
3. Standar d of 0. 1 m g  per 1. 0 ml glucur onic or 
galactur onic acid. 
Pr ocedur e: 
1. Pr epar e a set of stan dar ds with a total volume of 200 
ul usin g 0-200 ul of stan dar d. 
2. Pr epar e samples with a total volume of 200ul. 
3. Add 1. 2 ml of cold tetr abor ate an d vor tex all tubes. 
4. Heat 5 min. in boiling water bath. 
5. Cool 1-2 min. in cold water in cold r oom. 
6. Add 20 ul of m-hydr oxy-biphenyl to stan dr ads an d 
samples. vor tex. 
7 . Allow to stand 5 min s. at r oom temper atur e. 
8 . Read absor ban ce at 520 n m. 
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APPENDIX IV 
Acetylation Procedure 
Procedure 
1. Prepare a standard sugar solution containing 1 mg/ml of 
each standard sugar. This solution may be stored in 
the freez er after each use. 
2 .  Prepare a 1 mg/ml solution of inositol to use as the 
internal standard. This also may be stored in the 
freez er and re-used. (Note: Dry your standard sugars 
and your samples in the vacuum oven before preparing 
the solutions. ) 
3. Prepare a 1 mg/ml solution of your sample polysacch aride. 
4. Determine the % hexose of your sample using the 
anthrone assay. 
5. Place a volume of your sample equivalent to not more 
than 2 50 micrograms of hexose in a screw-cap test tube. 
In anoth er tube place 100 microliters of your standard 
sugar solution. Add 2 0  microliters of inositol 
solution to each tube. Dry your samples and standards 
using filtered air or by freez e-dry ing. 
6. Add 500 microliters of a 2 M TFA (trifluoroacetic acid) 
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solution to eac h tube. Seal with the teflon-lined sc rew 
0 c ap and heat at 121 C for 2 hours. 
7 .  Remove tubes and blow-dry with filteres air. This may be 
done at 40 to 5o 0c unless your sample is a methylated 
polysac c haride. F or a methylate d polysac c aride blow dry 
at no more than 3 5
°
c. 
8 .  Prepare a 10 mg/ml solution of sodium borohydride (or 
sodium borodeuteride) in 1 M ammonium hydroxide. Fo r 
methylated polysac c harides always use sodium 
borodeuteride. Add 250 mic roliters of this solution to 
eac h sample, mix and allow to stand for 1 hour at room 
temperature. Allow to stand for 2 hours for methylated 
samples. 
9. Add 50 mic roliters of glac ial ac etic ac id. Vigorous 
bubbling should take plac e !  Repeat two more times. 
10. Add 500 mic roliters of a 9/1 = MeO H/HAc solution to eac h 
tube. B low dry using filtered air. 
0 samples keep temp at 3 5  C or below. ) 
(For methylated 
Repeat 4 times. 
B e  sure eac h sample is dry after eac h addition. 
11. Add 500 mic roliters of MeO H to eac h tube and blow dry as in 
step 10. Repeat 4 times. 
12. Add 50 mic roliters of pyridine and 50 mic roliters of 
ac etic anhydride to eac h tube. Mix, seal with teflon c a p  
and hea t at 121°c for 3 0  minutes. 
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13. Cool on ic e, blow d ry a t  room t empera t ure a nd extra c t  by 
a dd ing 500 mi c roli t ers of wa ter a nd 500 mic roli t ers of 
c hloroform. Mi x, c ent rifu ge on ta ble top c entri fuge for 
5 minutes, remove c hloroform la yer (bottom) wi th a 
Pa st eur pi pett e a nd t ra nsfer t o  a not her test t ube. 
Ext ra c t  wa t er la yer wi t h  a nother 500 mic rolit ers of 
c hloroform a nd c ombi ne c hloroform la yers from fi rst a nd 
sec ond extra c tion. B low c hloroform la yers d ry wi th 
fi lt ered a ir. 
14. Ana lyz e by d i ssolving sa mple i n  20 t o  100 mic roliters of 
d ic hlorometha ne a nd i njec t ing 1 to 5 mic roliters onto the 
GC. (Note: To insure puri ty of a ll solvents they should 
be spec t romet ric gra d e, HPLC gra d e  or d ist illed prior to 
use. ) 
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APPENDIX V 
Sep-Pak c 1 8  Column 
Precond ition of the Sep-Pak column 
l. Wash with 5 ml CH30H. 
2. Wash with 5 ml ethylacetate 
3. Wash with 5 ml CH30H. 
4. Wash with 10 ml H20. 
Purification 
1. Dilute samples with 5 ml of H2o and ad d to the Sep-Pak 
column. 
2. Rinse samples with 10 ml H2o, 4 ml of 15% CH3CN and then 4 
ml of 20% CH3CN. 
3. Elute samples with 2 ml of 100% CH3CN and save. 
4. Rinse column with 2 ml of 95% ETO H and save. 
5. Combine both of above and blow-d ry. 
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